(7 × 18) residues that contact PA26 in the yeast and proteasomes, and cow PA28 activates lobster proteaarchaeal complexes (Figure 1 ). These residues are also some (Mykles, 1996) . This promiscuity justified our highly conserved in other species (data not shown). earlier determination of the 3.2 Å crystal structure of the Furthermore, these residues exhibit a high degree of noncognate yeast proteasome-T. brucei PA26 complex structural similarity. tion structures now obtained in complex with T. acimational change, would prevent passage of small molecules such as the fluorogenic peptide substrates dophilum proteasome reveals that the earlier model of PA26 is mostly correct, although two important features used in standard activity assays ( Figures 1B and 2) . Reexamination of omit maps for the yeast proteaare only now resolved. First, the C-terminal residues, which were barely visible in the yeast complex, are now some-PA26 structure confirmed that PA26 possesses the internal loop in this complex as well, although declearly defined and reveal important details of proteasome binding (below). Second, helix 3 is now seen to tails of its conformation are different in the yeast and T. acidophilum proteasome complexes. In particube interrupted by an unusual 14-residue insertion that projects into the central channel of the PA26 heptamer lar, whereas the loop is well ordered in the T. acidophilum proteasome complexes it is largely disordered (Figure 2) . Building of this loop causes a corresponding frameshift in the C-terminal half of helix 3 and shortens in the yeast proteasome complex, where density is very clear for helix 3 (except for a gap at the position of the the disordered loop between helices 3 and 4 to 12 residues. In the heptamer, the seven internal loops form a insertion) but essentially absent for most of the loop. One possibility is that this loop is ordered at the low pH diaphragm-like structure that, in the absence of confor- Figure 3A ). PA26 crystals, however, this interaction is not expected to form because both glutamates will be deprotonated.
These structurally conserved residues are located in helices 2, 3, and 4; 31 of them (23%) have the same Consistent with this view, regions of the internal loop whose conformation is defined in the yeast proteasome amino acid identity in PA26 and hPA28α, and 12 (9%) are invariant in all three human 11S activator isoforms. complex shows that the separation between Glu129 and Glu147 is too great to accommodate hydrogen This corresponds to just 5.2% structural and sequence identity over all 231 PA26 residues. The major structural bond formation.
The internal loop sequence (SGEKSGSGGAPTPI) differences between PA26 and PA28α, and presumably other PA28 homologs, are helix 3, which is continuous possesses a predominance of small side chains. Two of the four glycines may be required to adopt the obin PA28α and does not have an internal loop projecting into the central channel, and the lengths of the loops served conformation because Gly135 has torsion angles that are disallowed for other residues and Gly128 connecting helices 1 and 2 and helices 3 and 4, both of which are distant from the proteasome binding surface. appears unable to accommodate a Cβ atom without some structural rearrangement. However, the other two There is also a significant difference in conformation between the PA26 and PA28α activation loops, with glycine residues do not appear to be required for this structure. We therefore suggest that the large number equivalent Cα atoms diverging by up to 3.7 Å after global overlap. This is surprising because in PA26 these of small residues in the loop might further increase flexibility at neutral pH. In the T. acidophilum . Specifisome-PA26 structure, the main chain atoms of the internal loop are well defined (temperature factors cally, gate opening appears to result from interactions between the PA26 Glu102 side chain and proteasome between 30 and 40 Å 2 ), but for wild-type and GG proteasomes, the potential for flexibility is revealed by residues flanking αPro17. Alignment based upon Cα coordinates suggests that PA26 Glu102 is equivalent temperature factors between 50-75 Å 2 and 60-85 Å 2 , respectively, which is significantly higher than the average to PA28α Gly145, a residue that is unable to mediate equivalent interactions with proteasome. Due to the diffor PA26 in these structures. We therefore suggest that this loop is highly flexible in vivo and allows passage of ferent paths of PA26 and PA28α activation loops, however, the side chain of the adjacent PA28α residue, peptide substrate/products in/out of the proteasome.
Asp144, overlaps the position of the PA26 Glu102 side chain ( Figure 3B ). Because PA28α Asp144 is conserved Comparison of PA26 and PA28 PA26 is highly diverged from the other 11S activators, in all PA28 isoforms, we propose that it mediates activating interactions analogous to those seen for PA26 all of which are called PA28 and share 35%-50% se- that, although this substitution is required in the α2 within a cluster of four conserved proteasome residues subunit to form the precisely ordered closed conforma-(αTyr8, αAsp9, αPro17, and αTyr26 from each subunit).
tion of unbound eukaryotic proteasomes, it is unable Although these residues make only peripheral contact to adopt the open conformation and thereby support with PA26 ( Figure 1D ), mutagenesis studies confirmed proteolysis when present in all seven subunits of an that they are important for PAN-mediated proteolysis α ring. (Förster et al., 2003) . The importance of this conserved Upon binding of PA26, the yeast proteasome α subcluster is now further supported by the high-resolution units pivot outward about their main point of contact wild-type T. acidophilum proteasome-PA26 structure with β subunits (102-104 loop). This rigid body rotation reported here, which, compared to the yeast proteais largest for subunits α3 and α4, where it reaches about 5°. The αPro17 reverse turns also move upon some-PA26 structure, shows an rmsd of just 1.3 Å for sion of the pore region diameter by about 1.6 Å (Table  1) , which corresponds to an w5 Å increase in circumference. Because the cluster residues αTyr8 and αAsp9 make intimate contacts with each other around the circumference of the gate, the expanded pore diameter appears necessary to accommodate the seven Tyr8/ Asp9 residues in the ordered open conformation. In support of this proposal, we note that an isolated A. fulgidus proteasome α ring that adopts the open conformation also has its αPro17 residues at a diameter that is 1.6 Å larger than in the closed/disordered A. fulgidus proteasome structure (Groll et al., 2003) ( Table 1) . Difference maps of the rebuilt yeast proteasome-PA26 structure display density for four of the seven PA26 C termini that are consistent with the T. acidobinding of PA26, with the average αPro17 Cα displacement being 2.2 Å. In contrast, T. acidophilum α subunits philum proteasome-PA26 complex structures. All of the hydrogen bonds appear conserved in the occupied do not undergo significant rotation upon binding PA26 nor do the αPro17 reverse turns move by more than pockets, including between the PA26 C-terminal carboxylate and the αLys66 side chain. αLys66 is con-1.0 Å. This raises the question of how binding of PA26 induces T. acidophilum proteasome to adopt the orserved in six of the seven pockets. The α7-α1 pocket has a tyrosine at this position, and not surprisingly, this dered open conformation, and the answer is provided by close inspection of the structures. Although the pocket does not contain density for the PA26 C-terminal residues. The α6-α7 and α1-α2 pockets also lack bound and unbound T. acidophilum proteasome structures are very similar, there is a small but apparently density for the PA26 C-terminal residues, suggesting that for these pockets this region of PA26 is disordered significant radial displacement of all seven αPro17 reverse turns by almost 1.0 Å upon binding of PA26. This and does not make stabilizing interactions. Because the α6-α7 and α1-α2 pockets each have a Lys66 resishift appears to be dictated by interactions of PA26 Glu102 with the αPro17 reverse turn, especially with the due appropriately located and simple docking on a graphics device does not reveal obvious steric impedimain chain amide NH of αAsp18, and causes an expan- Figure 6A ). Because the structure ets that contain αLys66. This is easy to envision, since suggests that these mutations are unlikely to destabithe seven pockets of eukaryotic proteasomes are quite lize the open gate conformation and, as noted earvariable in their size, electrostatic potential, and identity lier, these mutant proteasomes are assembled and acof residues. For example, the α6-α7 pocket is relatively tive against peptide substrates, we conclude that the spacious, and a tyrosine that protrudes into the α1-α2 αLys66Ala/Ser mutant proteasomes are inactive in the pocket might disfavor the αLys66-activator interaction.
Mechanism of Binding
proteolysis assay because they are unable to interact One possibility is that the different 11S activators, productively with PAN. To test this idea further, we conwhich have dissimilar C-terminal sequences, might structed a PAN mutant in which the C-terminal residue bind into different subsets of the six pockets that house was deleted and found that this truncated PAN was an αLys66. The likely mismatch of six PAN/PA700 subunits onto PA700 and PAN might also utilize an equivalent interacseven proteasome subunits can be understood from tion. We tested this idea by subjecting αLys66Ala and the available structural and sequence data. As disαLys66Ser proteasome, neither of which bind PA26 cussed above, only six of the yeast proteasome sub- ), rather than their C termini, but as with our proThe apparent mismatch of six hexameric C-terminal tails into six heptamerically arranged pockets might be posal for PAN and PA700, the mismatch appears to be accommodated by flexibility of residues connecting the accommodated by a flexible linker at the ATPase C ter-ward displacement of the αPro17 reverse turns to provide room for formation of the αTyr8-αAsp9 ring. We had previously noted that the ATP-dependent PAN and PA700 activators probably induce the same proteasome open conformation as stabilized by PA26 (Förster  et al., 2003) . The current work extends this parallel to imply that the ATP-dependent activators also employ a closely related mechanism of binding by inserting inherently flexible C-terminal residues into pockets where they form hydrogen bonding interactions with mainchain groups and the αLys66 side chain.
Experimental Procedures
Protein Purification and Activation Assays Proteasome mutants were cloned and protein purified as described (Förster et al., 2003) . PA26 was expressed and purified as described (Whitby et al., 2000; Yao et al., 1999) . PAN mutants were generated using Stratagene's QuikChange protocol, except that RbCl-competent DH-5α cells were used for transformation in place of XL1-Blue supercompetent cells, and were purified as described (Zwickl et al., 1999) . Casein degradation assays were performed as described (Förster et al., 2003) . Supplemental Table   Table S1 . 
Analytical Ultracentrifugation

